Light scalar mesons in the soft-wall model of AdS/QCD by Colangelo, P. et al.
ar
X
iv
:0
80
7.
10
54
v1
  [
he
p-
ph
]  
7 J
ul 
20
08
BARI-TH/08-593
Light salar mesons in the soft-wall model of AdS/QCD
P. Colangelo
a
, F. De Fazio
a
, F. Giannuzzi
a,b
, F. Jugeau
a
and S. Niotri
a,b
a
Istituto Nazionale di Fisia Nuleare,
Sezione di Bari, Italy
b
Dipartimento di Fisia,
Università di Bari, Italy
Abstrat
We study light salar mesons in the AdS/QCD soft-wall model with a bakground dilaton eld.
The masses and deay onstants are ompatible with experiment and QCD determinations if a0(980)
and f0(980) are identied as the lightest salar mesons; moreover, the states are organized in linear
Regge trajetories with the same slope of vetor mesons. Comparing the two-point orrelation
funtion of salar operators in AdS and QCD, information about the ondensates an be derived.
Strong ouplings of salar states to pairs of light pseudosalar mesons turn out to be small, at
odds with experiment and QCD estimates: this disrepany is related to the desription of hiral
symmetry breaking in this model.
PACS numbers: 11.25.Tq, 12.39.Mk,12.90.+b
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I. INTRODUCTION
The idea of extending the AdS/CFT orrespondene onjeture [1℄ to QCD-like theories
[2℄ has provided new hints on the possibility of desribing strong interation proesses by
string-inspired approahes. Two main ways have been followed to ahieve suh a result. The
rst, the so-alled top-down approah, onsists in starting from a string/M-theory living on
AdSd+1×C (C being a ompat manifold) and attempting a derivation of a low-energy QCD-
like theory on the at boundaryMd of the AdS spae through appropriate ompatiations
of the extra dimensions [2, 3℄. In the seond one, the so-alled bottom-up approah, one
starts from 4d QCD and attempts to onstrut its higher dimensional dual theory (not
neessarily a string one), assuming its existene [4℄, with phenomenologial properties as
guidelines.
An important aspet of both these approahes is the neessity of a mehanism to break
onformal invariane, sine QCD is not a onformal theory [5℄, and to aount for phenomena
suh as onnement. The way to do this usually onsists in inorporating in the dual theory
a mass sale related to the QCD sale ΛQCD. For example, in the bottom-up approah, one
possibility is to use a ve dimensional AdS-slie letting the fth (holographi) oordinate
z vary in a range up to zmax of O( 1ΛQCD ) [4, 6, 7℄. In this (so-alled hard-wall) model, several
QCD aspets have been investigated, namely high-energy hadron sattering amplitudes,
spetra, form fators, strong ouplings, light-front wave funtions, Wilson loop [4, 69℄.
Another proposal to break onformal invariane onsists in introduing in the 5d AdS holo-
graphi spae a bakground dilaton eld (the so-alled soft-wall model) [10, 11℄. While in
top-down approahes the dilaton prole must be a solution of the supergravity equations of
motion, in this kind of approahes its funtional form is hosen on the basis of phenomeno-
logial information, namely imposing the Regge behaviour for vetor mesons; notieably,
the obtained dilaton prole, found using heuristi arguments, an be justied onstruting
a suitable dynamial model [12℄. Also in this framework many QCD properties have been
investigated, suh as vetor and tensor meson masses and form fators, glueball masses, the
stati Q¯Q potential and DIS [10, 11, 1317℄. The results of the two bottom-up models dier
in many respets; the possibility of ontinuously interpolating between them has also been
onsidered [18℄, trying to reognize the essential features of the QCD dual.
Sine light salar mesons represent an important and debated setor of QCD, it is in-
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teresting to onsider them in the holographi framework, and indeed some analyses have
been arried out [19, 20℄. Here we study the salar setor in the soft-wall model, trying to
identify whih properties an be desribed in the holographi approah. In partiular, we
onsider the mass spetrum, the deay onstants and the strong ouplings of salar mesons
to pairs of light pseudosalars. The omparison of the results obtained in the AdS framework
with experiment and QCD alulations an shed light on the features and drawbaks of this
model.
II. THE MODEL
The model we investigate is dened in the 5d spae with metri:
ds2 = gMNdx
MdxN =
R2
z2
(
ηµνdx
µdxν + dz2
)
(1)
with ηµν = diag(−1,+1,+1,+1); R is the AdS urvature radius and the oordinate z runs
in the range 0 ≤ z < +∞ (or, onsidering a UV uto, from the ultra-violet brane zmin = ǫ
to +∞).
In addition to the AdS metri, the model is haraterized by a bakground dilaton eld:
Φ(z) = (cz)2 (2)
the form of whih is hosen to obtain light vetor mesons with linear Regge trajetories [10℄;
c is a dimensionful parameter setting the sale of QCD quantities.
We onsider the 5d ation:
Seff = −1
k
∫
d5x
√−g e−Φ(z) Tr
{
|DX|2 +m25X2 +
1
4g25
(
F 2L + F
2
R
)}
(3)
where g is the determinant of the metri tensor gMN in (1) and Φ the bakground dilaton eld
(2). This ation inludes elds whih are dual to QCD operators dened at the boundary
z = 0. There is a salar bulk eld X , the mass of whih is xed by the AdS/CFT relation:
m25R
2 = (∆ − p)(∆ + p− 4), ∆ being the dimension of the p−form QCD operator dual to
X . This eld, written as
X = (X0 + S)e
2ipi , (4)
ontains a bakground eld X0(z) =
v(z)
2
, the salar eld S(x, z) and the hiral eld π(x, z).
X0 only depends on z and is dual to 〈q¯q〉; sine it is dierent from zero, it represents the
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term responsible for the breaking of hiral symmetry. The salar bulk eld S inludes singlet
S1(x, z) and otet S
a
8 (x, z) omponents, gathered into the multiplet:
S = SATA = S1T
0 + Sa8T
a
(5)
with T 0 = 1/
√
2nF = 1/
√
6 and T a the generators of SU(3)F , with normalization
Tr
(
TATB
)
=
δAB
2
(6)
(A = 0, a, and a = 1, . . . 8). SA is dual to the QCD operator OAS (x) = q(x)TAq(x), so that
∆ = 3, p = 0 and m25R
2 = −3. The fat that the salar bulk eld is tahyoni does not
aet the stability of the theory, sine elds with slightly negative masses are allowed, as
disussed in [21℄.
The ation (3) also involves the elds AaL,R(x, z) introdued to gauge the hiral symmetry
in the 5d spae. They are dual to the QCD operators q¯L,RγµT
aqL,R, with eld strengths
FMNL,R = F
MNa
L,R T
a = ∂MANL,R − ∂NAML,R − i[AML,R, ANL,R] . (7)
The gauge elds enter in the ovariant derivative: DMX = ∂MX− iAML X+ iXAMR . Writing
AL,R in terms of vetor V and axial-vetor A elds: V
M = 1
2
(AML +A
M
R ) and A
M = 1
2
(AML −
AMR ), we obtain the ation:
Seff = −1
k
∫
d5x
√−g e−Φ(z)Tr
{
|DX|2 +m25X2 +
1
2g25
(
F 2V + F
2
A
)}
(8)
with
FMNV = ∂
MV N − ∂NV M − i[V M , V N ]− i[AM , AN ] ,
FMNA = ∂
MAN − ∂NAM − i[V M , AN ]− i[AM , V N ] (9)
and DMX = ∂MX − i[V M , X ]− i{AM , X}.
The ation (3)-(8) is the starting point of our analysis. Following the AdS/CFT guideline,
we assume that the duality relation holds:〈
ei
R
d4xO(x)f0(x)
〉
QCD
= eiSeff (10)
where the lhs is the QCD generating funtional in whih the soures f0(x) of the 4d O(x)
operators are the boundary (z → 0) limits of the orresponding (dual) 5d elds. We then
derive the properties of light salar mesons on the basis of the AdS/CFT duality proedure
applied to the soft-wall model. The hek of duality in this hannel is the aim of the
forthoming Setions.
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III. SPECTRUM OF SCALAR MESONS
Let us onsider the quadrati part of the ation (3)-(8) involving the salar elds SA(x, z):
S
(2)
eff = −
1
2k
∫
d5x
√−g e−Φ(z)
(
gMN∂MS
A∂NS
A +m25S
ASA
)
. (11)
From this term, it is straightforward to derive the equation of motion for the eld SA (for
any avour index A, whih is dropped below):
ηMN∂M
(R3
z3
e−Φ(z)∂NS
)
+ 3
R3
z5
e−Φ(z)S = 0 (12)
or, in the 4d Fourier spae, dening S(x, z) =
∫
d4q
(2pi)4
eiq·xS˜(q, z) (from now on the tilde will
always denote 4d Fourier-transformed elds):
∂z
(R3
z3
e−Φ(z)∂zS˜
)
+ 3
R3
z5
e−Φ(z)S˜ − q2R
3
z3
e−Φ(z)S˜ = 0 . (13)
Salar meson states orrespond to the normalizable solutions of this equation. The solutions
an be obtained onsidering the transformation:
S˜ = e(zˆ
2+3 log zˆ)/2 Y (14)
with zˆ = cz and the funtion Y satisfying the one dimensional Shrödinger-like equation
−Y ′′ + V (zˆ)Y = m
2
c2
Y ; (15)
the derivatives at on zˆ, and the potential is V (zˆ) = zˆ2+ 3
4zˆ2
+2. The normalizable solutions
of eq.(15) orrespond to the disrete mass spetrum [20℄:
−q2n = m2n = c2(4n+ 6) (16)
with integer n, and eigenfuntions expressed in terms of the generalized Laguerre polyno-
mials:
S˜n(zˆ) =
√
2
n + 1
zˆ3L1n(zˆ
2) . (17)
The results of this simple alulation an be ompared to urrent phenomenology. Salar
mesons are organized in linear Regge trajetories, as a onsequene of the hoie of the
dilaton eld (2). The slope of the trajetories is the same as for vetor mesons, the spetral
ondition of whih is [10℄:
m2ρn = c
2(4n+ 4) . (18)
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In the same soft-wall model also salar glueballs appear in Regge trajetories with the same
slope, sine their masses are given by [16℄:
m2Gn = c
2(4n+ 8) ; (19)
therefore the parameter c sets the sale of all hadron masses.
Salar mesons turn out to be heavier than vetor mesons. This is in agreement with
experiment if a0(980) and f0(980) are identied as the lightest salar mesons. The agreement
is quantitative, sine eqs.(16) and (18) allow to predit: Rf0(a0) =
m2
f0(a0)
m2
ρ0
= 3
2
, to be ompared
to Rexpf0 = 1.597 ± 0.033 and Rexpa0 = 1.612 ± 0.004. Considering the rst radial exitations,
the preditions R′f0(a0) =
5
4
should be ompared to the measurements R′expf0 = 1.06±0.04 and
R′expa0 = 1.01 ± 0.04, having identied a0(1450), f0(1505) and ρ(1450) as radial exitations;
an assignment whih however ould be questionable in ase of f0(1505) (identifying f0(1370)
with the rst radial exitation, one nds R′expf0 = 0.9± 0.2).
Finally, salar mesons are lighter than salar glueballs:
m2G
m2
f0
= 4
3
for the lowest-lying
states. Hierarhy among the hadron speies is redued for higher radial states, whih beome
degenerate when the quantum number n inreases.
IV. BULK-TO-BOUNDARY PROPAGATOR OF THE SCALAR FIELD
Aording to the AdS/CFT orrespondene, the value of the 5d eld S˜(q2, z) at the UV
boundary z = 0, i.e. S˜0(q
2), ats as the soure of the orresponding dual 4d operator in
the QCD funtional integral. They are related through the bulk-to-boundary propagator:
S˜(q2, z) = S(q2/c2, zˆ2)S˜0(q
2). This propagator is obtained solving, for all values of the
four-momenta q2, eq.(13) whih an be ast in the form:
S ′′ − 1
zˆ
(
2zˆ2 + 3
)
S ′ −
(
q2
c2
− 3
zˆ2
)
S = 0 (20)
with the derivatives ating on zˆ. The general solution of this equation involves the Triomi
onuent hypergeometri funtion U and the Kummer onuent hypergeometri funtion
1F1:
S(
q2
c2
, zˆ2) =
1
Rc
Γ(
q2
4c2
+
3
2
) zˆ U(
q2
4c2
+
1
2
; 0; zˆ2) +B(
q2
c2
) zˆ3 1F1(
q2
4c2
+
3
2
; 2; zˆ2) (21)
with B( q
2
c2
) an undetermined funtion of q2/c2. If we impose the boundary ondition that
the ation is nite in the IR region z → +∞ (a standard assumption in the soft-wall model
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approah) the solution with B = 0 must be hosen; we mention below the onsequenes of
relaxing suh a ondition, as studied in [22℄ for salar glueballs. In the UV z → 0 limit, the
boundary ondition
S(
q2
c2
, zˆ2) →
z→0
z
R
(22)
xes the oeient of the Triomi funtion U . With this expression of the bulk-to-boundary
propagator it is possible to ompute several quantities, namely two- and three-point orre-
lation funtions involving salar operators.
Before ontinuing with the analysis, it is worth reminding the features of the bakground
eld X0(z) =
v(z)
2
. It is solution of the linearized equation of motion:
∂z
(R3
z3
e−Φ(z)∂zv(z)
)
+ 3
R3
z5
e−Φ(z)v(z) = 0 (23)
whih expliitely reads:
v(z) =
mq
Rc
Γ(3/2) zˆ U(1/2; 0; zˆ2) + C zˆ3 1F1(3/2; 2; zˆ
2) . (24)
Sine both the Triomi and the Kummer onuent hypergeometri funtions go to unity for
z → 0, the asymptoti UV behaviour of (24) is:
v(z) →
z→0
mqz
R
+
Σz3
R
(25)
with Σ related to the onstant C. Using the AdS/CFT ditionary, the oeient of z enters
in the (UV) boundary ondition related to the quark mass, while the oeient of the z3
term is xed by the (UV) boundary ondition related to the hiral ondensate, the two
quantities being responsible of hiral symmetry breaking. However, if one imposes as an IR
boundary ondition that v(z) does not diverge at z → +∞, in (24) the solution with C = 0
must be hosen, so that the low-z expansion of v reads:
v(z) →
z→0
mqz
R
− c
2mq
2R
(
1− 2γE − 2 ln(cz)− ψ(3/2)
)
z3 (26)
with ψ the Euler funtion. Identifying the oeient of the z3 term as the hiral ondensate,
from eq.(26) a proportionality relation an be established between the quark mass and
the quark ondensate; this kind of relation is absent in QCD. This shortoming, already
reognized in the soft-wall model of AdS/QCD [10℄, does not appear in the hard-wall model
where the oeients of z and z3 terms of v are independent. In priniple, it ould be avoided
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by adding potential terms U(X) to the ation (3), as suggested in [10℄; models for v(z) with
the asymptoti UV and IR behaviour ditated by (23) have also been investigated [18℄. In
the following, we ignore this diulty and use the expression of v(z) in (24) with C = 0; the
onsequenes are important for the salar meson ouplings to pairs of pseudosalar states,
as we disuss below [23℄.
Before onluding this Setion, we report the equations of motion for the axial and the
pion elds. Writing the axial eld A˜aµ in terms of its transverse and longitudinal omponents:
A˜aµ = A˜
a
µ⊥ + iqµφ˜
a
, we have, from the ation (3)-(8):[
∂z
(
e−Φ
z
∂zA˜
a
µ
)
− q
2e−Φ
z
A˜aµ −
g25 R
2 v(z)2 e−Φ
z3
A˜aµ
]
⊥
= 0 (27)
∂z
(
e−Φ
z
∂zφ˜
a
)
+
g25 R
2 v(z)2 e−Φ
z3
(π˜a − φ˜a) = 0 (28)
q2∂zφ˜
a +
g25 R
2 v(z)2
z2
∂zπ˜
a = 0 . (29)
These equations will be onsidered below when we ompute the salar meson ouplings
to pairs of light pseudosalar states.
V. TWO-POINT CORRELATION FUNCTION OF THE SCALAR OPERATOR
Let us onsider in QCD the two-point orrelation funtion:
ΠABQCD(q
2) = i
∫
d4x eiq·x〈0|T [OAS (x)OBS (0)]|0〉 (30)
with OAS (x) = q(x)TAq(x). The AdS/CFT method relates this orrelation funtion to the
two-point orrelator obtained from the ation (3)-(8), whih an be written in terms of the
bulk-to-boundary propagator (21):
ΠABAdS(q
2) = δAB
R3c4
k
S(
q2
c2
, zˆ2)
e−Φ(zˆ)
zˆ3
∂zˆS(
q2
c2
, zˆ2)
∣∣∣
zˆ→0
(31)
with the result
ΠABAdS(q
2) = δAB
4c2R
k
[(
q2
4c2
+
1
2
)
ln(c2z2) +
(
γE − 1
2
)
+
q2
4c2
(
2γE − 1
2
)
+
(
q2
4c2
+
1
2
)
ψ(
q2
4c2
+
3
2
)
]∣∣∣∣
z=zmin
(32)
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Figure 1: Two-point orrelation funtion
1
c2
ΠAdS(q
2/c2) in eq.(32). The renormalization sale is
xed to ν = 1 GeV.
(omitting a O( 1
z2
) ontat term). The AdS expression of the orrelation funtion (plotted in
g.1) shows the presene of a disrete set of poles, orresponding to the poles of the Euler
funtion ψ, with masses given by the spetral relation (16) and residues
F 2n =
R
k
16 c4(n+ 1) . (33)
The fator
R
k
an be xed by mathing the AdS expression (32) in the q2 → +∞ (i.e. in
the short-distane) limit, expanded in powers of 1/q2, with the QCD result. For ΠAdS,
identifying zmin with the renormalization sale
1
ν
, we get:
ΠABAdS(q
2) = δAB
R
k
[
q2 ln(
q2
ν2
) + q2
(
2γE − ln 4− 1
2
)
+ 2c2
(
ln(
q2
ν2
)− ln 4 + 2γE + 1
)
+
2
3
c4
q2
+
4
3
c6
q4
+O(1/q6)
]
(34)
while the QCD result, for Nc = 3 and in terms of quark and gluon ondensates, is [24℄:
ΠABQCD(q
2) =
δAB
2
[
3
8π2
(
1 +
11αs
3π
)
q2 ln(
q2
ν2
) +
3
q2
〈mqqq〉+ 1
8q2
〈αs
π
G2〉
+
mqgs
2q4
〈(qσµνλaq)Gaµν〉+
παs
q4
〈(qσµνλaq)2〉
+
2παs
3q4
〈(qγµλaq)
∑
q=u,d
qγµλ
aq〉+O(1/q6)
]
(35)
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where possible terms related, e.g., to instanton ontributions have not been onsidered.
Mathing the perturbative term xes the ondition:
R
k
=
Nc
16π2
. (36)
In the same way, by the two-point orrelation funtion of the vetor urrent, the mathing
ondition xes the value of g25: g
2
5 = 3/4.
The residues of the two-point orrelation funtion, related to the salar meson deay
onstants, are now determined:
F 2n =
Nc
π2
c4(n + 1) (37)
for all radial states labeled by n.
It is interesting to ompare (37) to QCD alulations. For a0(980), the following result
has been obtained for the urrent-vauum matrix elements dening the deay onstants:
Fa0 = 〈0|O3S| a0(980)0〉 = (0.21± 0.05) GeV2 [25℄ . (38)
The AdS predition is: Fa0 =
√
3
pi
c2 = 0.08 GeV2, having xed c from the ρ0 mass: c =
mρ
2
. For the f0(980) a similar result has been obtained for the matrix element of the ss¯
operator: 〈0| s¯s |f0(980)〉 = (0.18 ± 0.015) GeV2 [26℄. The AdS result is not far from QCD
determinations. For the rst radial exitation we have: Fa′0 = 0.12 GeV
2
, while for large
values of n the ratio F
2
n
m2n
beomes independent of the radial quantum number.
AdS/QCD duality an be heked for the various terms in the
1
q2
power expansion, om-
paring eqs.(34) and (35). For mq = 0, the four dimensional gluon ondensate an be om-
puted:
〈αs
π
G2〉 = 2
π2
c4 ≃ 0.004 GeV4 (39)
whih is smaller than the ommonly used value 〈αs
pi
G2〉 ≃ 0.012 GeV4, the estimated uner-
tainty of whih is about 30% [27℄.
Considering O(1/q4) terms, in QCD one an use the fatorization approximation:
〈(qσµνλaq)2〉 ≃ −163 〈qq〉2 ,
〈(qγµλaq)2〉 ≃ −169 〈qq〉2
(40)
for the dimension 6 operators. Within suh an approximation, the AdS and QCD expressions
do not math, sine the O(1/q4) term in (34) is positive, while it is negative in (35).
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The last remark is that in the AdS expression (34) there is a ontribution interpreted
in terms of a dimension two ondensate, while an analogous term is absent in the QCD
expansion (35). In this respet, the two-point orrelation funtion of the salar operators
presents the same phenomenon ourring in the two-point orrelation funtion of vetor
mesons [28, 29℄ and of salar glueballs [22, 30℄. Although in QCD there is no loal gauge-
invariant operator of dimension two, the possible relevane of a dimension two ondensate
in the form of an eetive gluon mass term is the subjet of disussions [31℄, so that the
AdS result ould be interpreted as an argument supporting the existene of this ondensate.
However, the AdS/CFT method ditates duality between bulk elds and gauge-invariant
operators in the boundary theory. Another possible way to explain the presene of this
ontribution is that, although the quadrati dependene of the dilaton eld in the IR is
required to provide linear onnement, at smaller values of z the funtional dependene of
Φ(z) is less onstrained, so that in other versions of the bakground eld suh a term ould
be removed: this deserves an expliit hek. A dierent possibility, put forward in [22℄, is
that the subleading (for z → 0) solution in the bulk-to-boundary salar eld propagator
plays a role, so that its oeient an be tuned to anel the dimension two ontribution.
In suh a senario, in whih the AdS dual theory needs to be regularized in the IR, the
subleading solution modies some terms in the power expansion of the two-point orrelation
funtion, leaving the perturbative term unaeted.
VI. INTERACTION OF SCALAR MESONS WITH A PAIR OF PSEUDOSCALAR
MESONS
In the ation (3) the interation terms involving one salar S and two light pseudosalar
elds P only appear in the ovariant derivative Tr
{
|DX|2
}
. Using the equations of motion
and writing the axial-vetor bulk eld in terms of the transverse and longitudinal ompo-
nents: AM = A⊥M + ∂Mφ, we have:
S
(SPP )
eff = −
4
k
∫
d5x
√−g e−Φ(z)gMNv(z)Tr
{
S(∂Mπ − ∂Mφ)(∂Nπ − ∂Nφ)
}
(41)
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i.e.,
S
(SPP )
eff = −
4
k
∫
d5x
√−g e−Φ(z)gMNv(z)S1(∂Mψa)(∂Nψb) 1√
2nF
Tr[T aT b]
−4
k
∫
d5x
√−g e−Φ(z)gMNv(z)Sa8 (∂Mψb)(∂Nψc)Tr[T aT bT c] (42)
where ψa = φa − πa. For nF = 2, Tr[T aT bT c] = i4εabc and the otet (triplet) part vanishes,
while for nF = 3 we have:
S
(SPP )
eff = −
R3
k
2√
6
∫
d5x
1
z3
e−Φ(z)v(z)S1 ηMN(∂Mψa)(∂Nψa)
−R
3
k
dabc
∫
d5x
1
z3
e−Φ(z)v(z)Sa8 η
MN(∂Mψ
b)(∂Nψ
c) . (43)
In the Fourier spae, this term involves the bulk-to-boundary propagator S( q
2
c2
, c2z2) of the
salar eld, together with the soures S˜1(8)0 . The longitudinal part of the axial-vetor eld
an be related to its soure through the equation:
φ˜a(q, z) =
1
q2
A‖(q
2
c2
, c2z2)(−iqµA˜a‖ 0 µ(q)) , (44)
while for the ombination ψ˜a = φ˜a − π˜a the equation involves the propagator Ψ:
ψ˜a(q, z) =
1
q2
Ψ(
q2
c2
, c2z2)(−iqµA˜a‖ 0 µ(q)) . (45)
The ontribution of only the pseudo-Goldstone bosons is seleted by the ondition:
ψ˜aP (q, z) =
1
q2
Ψ(0, c2z2)(−iqµA˜a‖ 0 µ(q)) . (46)
From eq. (29) the ondition ∂zπ˜
a = 0 holds at q2 = 0 and the equation for Ψ(0, c2z2):
∂z
[
e−Φ
z
∂zΨ(0, c
2z2)
]
− g
2
5 R
2 v(z)2 e−Φ
z3
Ψ(0, c2z2) = 0 (47)
oinides with the equation holding for A(0, c2z2) whih appears in the relation A˜a⊥µ(0, z) =
A(0, c2z2)A˜a⊥0µ(0). We an then identify Ψ(0, c2z2) = A(0, c2z2) [32℄, so that:
ψ˜aP (q, z) =
1
q2
A(0, c2z2)(−iqµA˜a‖ 0 µ(q)) . (48)
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In this way, the S
(SPP )
eff term in (42), onsidering only the otet ontribution, reads:
iS
(SPP )
eff = −
i
k
dabc
∫
d4q1d
4q2d
4q3
(2π)12
(2π)4δ4(q1 + q2 + q3)×
∫ ∞
0
dz
R3
z3
e−Φ(z)v(z)S(
q21
c2
, c2z2) S˜a80(q1)
[(
∂zA(0, c2z2)
)2 − q2 · q3A(0, c2z2)2]×
(
− i
q22
qµ2 A˜
b
‖ 0 µ(q2)
)(
− i
q23
qν3 A˜
c
‖ 0 ν(q3)
)
. (49)
This interation term allows to ompute the salar ouplings to pseudosalar states. Indeed,
on the basis of the AdS/CFT orrespondene, the QCD three-point orrelation funtion
involving two pseudosalar and one salar operator:
ΠabcQCDαβ(p1, p2) = i
2
∫
d4x1d
4x2 e
ip1·x1eip2·x2〈0|T [Ob5α(x1)OaS(0)Oc5β(x2)]|0〉 (50)
an be obtained by funtional derivation of (49) with respet to the soure elds A˜‖ 0(p1),
A˜‖ 0(p2) and S˜
a
80
(q), with the result:
ΠabcAdSαβ(p1, p2) =
p1αp2β
p21p
2
2
2R3
k
dabc
∫ ∞
0
dz
1
z3
e−Φv(z)S(
q2
c2
, c2z2)
[(
∂zA(0, c2z2)
)2 − q2
2
A(0, c2z2)2
]
(51)
with q = −(p1 + p2). The AdS expression of the strong SPP ouplings follows writing the
bulk-to-boundary propagator S in terms of the salar mass poles, of the residues and of the
normalizable eigenfuntion S˜n(zˆ
2) in (17). Using the integral representation of the Triomi
funtion [29, 33℄:
U(a, b, x) =
1
Γ(a)
∫ 1
0
dy
ya−1
(1− y)b exp
[
− y
1− y x
]
, (52)
one derives the generating funtion of the Laguerre polynomials [14℄:
1
(1− y)2 exp
[
− y
1 − y x
]
=
∞∑
n=0
L1n(x) y
n
(53)
so that:
S(
q2
c2
, c2z2) =
1
Rc
√
8
Nc
π
∞∑
n=0
FnS˜n(c
2z2)
q2 +m2n + iε
. (54)
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Moreover, dening the salar form fator FP :
〈P d|OaS|P e〉 = F daeP
(
q2
)
, (55)
we have:
ΠabcQCDαβ(p1, p2) = −
p1αp2β
p21p
2
2
f 2pi F
abc
P
(
q2
)
. (56)
The AdS expressions of the salar form fator and of the gSnPP ouplings follow:
F abcP (q
2) = −d abc 1
k
2
f 2pi
∫ ∞
0
dz
R3
z3
e−Φv(z)S(
q2
c2
, c2z2)
[(
∂zA(0, c2z2)
)2 − q2
2
A(0, c2z2)2
]
= −d abc
∞∑
n=0
FngSnPP
q2 +m2n
(57)
with
gSnPP =
1
k
2
f 2pi
∫ ∞
0
dz
R3
z3
e−Φv(z)
1
Rc
√
8
Nc
πS˜n(c
2z2)
[(
∂zA(0, c2z2)
)2
+
m2Sn
2
A(0, c2z2)2
]
.
(58)
To ompute gSnPP from (58), one needs A(0, c2z2), whih an be obtained solving (27).
However, sine v(z) is small (it depends on mq/R), one an neglet terms proportional to
v2 and identify A(0, zˆ2) with A(0)(0, zˆ2) solution of:
∂zˆ
(
e−zˆ
2
zˆ
∂zˆA(0)(0, zˆ2)
)
= 0 (59)
with A(0)(0, zˆ2) →
z→0
1. The regular solution is A(0)(0, zˆ2) = 1.
The expression of gS0PP for the lowest radial number n = 0, sine S˜0(zˆ
2) =
√
2zˆ3, is:
gS0PP =
√
Nc
4π
m2S0
f 2pi
Rc
∫ ∞
0
dzˆ e−zˆ
2
v(zˆ) . (60)
The oupling depends linearly on the eld v. The numerial result is small, of the order of 10
MeV depending on the quark mass used as an input. On the other hand, phenomenologial
determinations of the SPP ouplings indiate sizeable values, showing that the salar states
are haraterized by their large ouplings to light pseudosalar mesons. For example, the
experimental value of ga0ηpi is: ga0ηpi = 12±6 GeV, while for f0 the result of a QCD estimate
is: gf0K+K− ≃ 6 − 8 GeV [34℄. The origin of the small value for the SPP ouplings in
the AdS/QCD soft-wall model an be traed to the expression of v whih is determined by
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the light quark mass (larger results would be obtained, e.g., using v omputed in the hard-
wall approah). The drawbak onrms the diulty of the soft-wall model in orretly
desribing hiral symmetry breaking; it ould be probably avoided inluding potential terms
in the eetive ation (3), a possibility whih deserves a dediated study.
VII. CONCLUSIONS
We have studied the salar setor in the 5d AdS soft-wall model proposed as a QCD
dual, nding that the masses and deay onstants of salar mesons are lose to experiment
and QCD determinations. The two-point orrelation funtion of the salar operator has a
power expansion similar to QCD, with violations in the dimension six ondensates omputed
assuming fatorization. A dimension two ondensate term, absent in QCD, appears in the
power expansion of the AdS expression, analogously to the two-point orrelators of vetor
meson and salar glueball operators. The strong ouplings of salar states to pairs of light
pseudosalar mesons are smaller than in phenomenologial determinations, as a onsequene
of the diulty of orretly desribing hiral symmetry breaking within this model. This
diulty ould be avoided inluding additional potential terms in the eetive Lagrangian
dening the model.
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